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Abbreviations used: CA, capsid; 
gpl30, glycoprotein 130; HIV- 
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GFP-encoding HIV-1; HIV- 
LUC-V,VSV-G-pseudotyped 
HIV-luciferase virus; 1-Mac, 
macrophage induced with 
M-CSF and IL-27; MA, matrix; 
MDDC, monocyte-derived 
dendritic cell; MDM, mono- 
cyte-derived macrophage; 
M-Mac, macrophages induced 
with M-CSF alone; NC, nucleo- 
capsid; PM, plasma membrane; 
SPTBN 1 , spectrin p nonery th- 
rocyte 1; VSV-G, vesicular 
stomatitis virus G glycoprotein. 



The susceptibility of macrophages to HIV-1 infection is modulated during monocyte differ- 
entiation. IL-27 is an anti-HIV cytokine that also modulates monocyte activation. In this 
study, we present new evidence that IL-27 promotes monocyte differentiation into macro- 
phages that are nonpermissive for HIV-1 infection. Although IL-27 treatment does not 
affect expression of macrophage differentiation markers or macrophage biological func- 
tions, it confers HIV resistance by down-regulating spectrin P nonerythrocyte 1 (SPTBN 1), 
a required host factor for HIV-1 infection. IL-27 down-regulates SPTBN1 through a TAK-1- 
mediated MAPK signaling pathway. Knockdown of SPTBN1 strongly inhibits HIV-1 
infection of macrophages; conversely, overexpression of SPTBN1 markedly increases HIV 
susceptibility of IL-27-treated macrophages. Moreover, we demonstrate that SPTBN 1 
associates with HIV-1 gag proteins. Collectively, our results underscore the ability of IL-27 
to protect macrophages from HIV-1 infection by down-regulating SPTBN1, thus indicating 
that SPTBN1 is an important host target to reduce HIV-1 replication in one major element 
of the viral reservoir. 



Macrophages, as a major target of HIV-1, play 
an important role in HIV-1 infection. Macro- 
phage infection is found extensively in body 
tissues and contributes to HIV-1 pathogenesis 
(Koenig et al., 1986; Salahuddin et al., 1986; 
Wang et al., 2001; Smith et al, 2003). Macro- 
phage lineage cells are among the first cells to 
be infected because most viruses involved in 
the first round of infection use CCR5 as the 
co-receptor to initiate HIV-1 replication in vivo 
(Philpott, 2003). Once infected, macrophages 
have been shown to promote rapid virus dis- 
semination by transmitting virus particles to 
CD4 + T cells via a transit "virological synapse" 
(Groot et al., 2008). Although most CD4 + T cells 
are eventually killed by HIV-1, infected macro- 
phages survive longer and can harbor virus 
particles in intracellular compartments (Raposo 
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et al, 2002; Pelchen-Matthews et al, 2003), 
thus maintaining a hidden HIV-1 reservoir for 
ongoing infection (Wahl et al., 1997; Lambotte 
et al., 2000; Zhu et al, 2002; Smith et al, 2003; 
Sharova et al., 2005). Collectively, macrophage 
infection is involved throughout the progres- 
sion of disease. Therefore, restriction of macro- 
phage infection may provide a key to eradication 
of HIV-1 infection. 

HIV-1 infection is modulated by a variety 
of host cellular factors. HIV-1 has evolved to 
have specific viral proteins to counteract certain 
host restriction factors. Human HIV-1 restriction 
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Figure 1. IL-27 induces macrophages resistant to HIV-1 infection while retaining normal functions and differentiation markers. (A) M-Mac 
and l-Mac were infected with H IV- 1 BAL . Viral replication was monitored by measuring p24 antigen in culture supernatants. Results are shown for macro- 
phages cultures obtained from three independent donors and data shown represent mean + SD of triplicate infection samples. (B) Antibodies that neu- 
tralize human IFN-a receptor (10 ug/ml) and IL-10 receptors (10 pg/ml) were kept in culture during the 7-d differentiation of M-Mac and l-Mac. M-Mac 
and l-Mac differentiated in the presence of neutralizing antibodies were infected with H IV- 1 Ba |, and p24 amount in culture supernatants was measured 
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factors, including APOBEC3G and BST-2, have been re- 
ported (Neil et al., 2008; Sheehy et al., 2002) and models of 
how HIV-1 overcomes these restrictions have been described 
in reviews (Evans et al., 2010; Goila-Gaur and Strebel, 2008). 
More recently, SAMHD1, a restriction factor of myeloid 
cells, was found to limit HIV replication by depleting intra- 
cellular dNTPs, and it is largely opposed by Vpx (Hrecka et al., 
2011; Laguette et al, 2011; Lahouassa et al., 2012). Release 
of these host restrictions, however, does not guarantee pro- 
ductive infection. HIV-1, with a limited genome of nine open 
reading frames, has to fully exploit an array of cellular pro- 
teins to facilitate its life cycle at almost every step (Goff, 2007). 
Genome-wide siRNA screens, using 293T or HeLa cells as 
HIV-1 targets, have revealed hundreds of potential support- 
ive host factors (Brass et al., 2008; Zhou et al., 2008), only 
some of which have been validated in primary target cells. 
Regulation of host factors, both inhibitory and supportive, 
may offer great opportunities to prevent HIV-1 infection 
of macrophages . 

Cytokine-mediated immunoregulation is an effective 
way to inhibit HIV-1 infection in cells of myeloid lineage 
(Kedzierska and Crowe, 2001). Our previous studies have 
demonstrated that IL-27 strongly inhibits HIV-1 replication 
in terminally differentiated monocyte-derived macrophages 
(MDMs) (Fakruddin et al., 2007). IL-27 is an IL-12 family 
cytokine mainly produced by dendritic cells and macro- 
phages (Kastelein et al., 2007). It was originally characterized 
as a proinflammatory cytokines to induce Thl responses in 
T cells (Pflanz et al, 2004; Villarino et al, 2004). However, 
the IL-27 receptor complex, consisting of WSX-1 and glyco- 
protein 130 (gpl30), is also expressed on monocytes (Pflanz 
et al., 2004) and recent evidence has supported a role for IL-27 
in monocyte activation (Kalliolias and Ivashkiv, 2008; Guzzo 
et al., 2010a). In the current study, we aim to investigate the 
role of IL-27 stimulation during monocyte differentiation 
in modulating macrophage susceptibility to HIV-1 infection, 
and our study will help to evaluate whether IL-27 can be 
used to prevent HIV-1 infection of macrophages. 

RESULTS 

IL-27 induces functional macrophages 
with HIV-1 resistance 

For the following experiments, we generated two types of 
MDMs in parallel for comparison: macrophages induced with 
M-CSF alone are termed "M-Mac" and macrophages induced 



with M-CSF combined with IL-27 are termed "I-Mac."These 
two types of macrophages were infected with an R5 tropic 
HIV-1 Bal virus strain and tested for their capacity to support 
HIV-1 replication. Although a robust spreading infection oc- 
curred in M-Mac, little replication was seen in I-Mac (Fig. 1 A). 
The inhibitory effect on the HIV-1 replication of I-Mac was 
not caused by cytotoxicity, as I-Mac and M-Mac were indis- 
tinguishable with respect to cell viability (unpublished data). 
Interestingly, blocking IFN-oi and IL-10 receptors with neu- 
tralizing antibodies had no impact on the HIV-1 resistance of 
I-Mac (Fig. 1 B). Because susceptibility of macrophages to 
HIV-1 infection largely depends on the state of monocyte 
differentiation, we examined whether or not IL-27 treatment 
blocked macrophage differentiation. No significant difference 
was observed in the expression of macrophage differentiation 
markers such as CD 14, CDllb,EMRl,or CD206. (Fig. 1 C). 
Similarly, I-Mac and M-Mac have indistinguishable phago- 
cytosis and chemotaxis activities (Fig. 1 D). Moreover, I-Mac 
produced the same types of proinflammatory cytokines as 
M-Mac (Fig. 1 F), and I-Mac was able to produce high levels 
of superoxide upon stimulation with PMA (Fig. 1 E). Collec- 
tively, these results indicate that IL-27 promotes monocyte 
differentiation into HIV-resistant macrophages without com- 
promising normal macrophage functions. 

IL-27 induces a post-entry block to HIV-1 infection 

CD4 and CCR5 act as the receptor and co-receptor for HIV-1 
entry into macrophages. FACS analysis showed that I-Mac 
and M-Mac expressed comparable levels of CD4 and CCR5 
molecules (Fig. 2 A). Expression of these molecules was also 
sufficient to mediate efficient binding of comparable num- 
bers of HIV particles to I-Mac (Fig. 2 B). Therefore, it ap- 
peared unlikely that HIV-1 infection of I-Mac was blocked at 
the level of virus entry. To further confirm this, we took advan- 
tage of vesicular stomatitis virus G glycoprotein (VSV-G)- 
pseudotyped HIV indicator viruses. The recombinant viruses, 
mutated in the Env gene and pseudotyped with VSV-G 
envelope, can enter macrophages through a CD4/CCR5- 
independent pathway and complete only a single round of 
infection. As such, the system allowed us to focus our study on 
the inhibition of HIV-1 infection in I-Mac at a post-entry level. 
The exposure of I-Mac to VSV-G— pseudotyped GFP encoding 
HIV-1 (HIV-EGFP-V) resulted in little infection, as observed 
by few green fluorescent cells in I-Mac (Fig. 2 C) . A single 
round of infection led to 80 + 3.2% (« = 6) less GFP-positive 



14 d after infection. As an additional control to indicate the neutralizing effect, M-Mac differentiated in the presence of neutralizing antibodies were also 
incubated with recombinant human IFN-a (10 u/ml) and IL-10 (1 ng/ml) for 1 h before HIV-1 infection. Data shown represent means ± SE of three inde- 
pendent experiments. (C) M-Mac and I-Mac were analyzed for CD14, CD1 lb, EMR-1, and CD206 expression by FACS before infection. (D, left) Phagocytic 
activities of M-Mac and I-Mac were assessed using a pHrodo dye phagocytosis assay. As a negative control, macrophages were placed on ice to avoid 
phagocytosis, (right) the migration of M-Mac and I-Mac to RANTES (10 ng/ml) and SDF-1a (100 ng/ml) were assessed by counting cells migrating across 
filters of microchemotaxis chambers. Data shown represent mean + SE of three independent experiments. (E) M-Mac and I-Mac were analyzed for super- 
oxide production with or without PMA stimulation. Data shown represent means ± SE of three independent experiments. (F) Supernatants of M-Mac and 
I-Mac were analyzed for cytokine concentrations using the Multiplex Cytokine assay. Data are shown on a log scale. N.D., not detected. Data shown rep- 
resent means ± SE of three independent experiments. 
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cells according to FACS analysis (Fig. 2 D) and a 95% reduc- 
tion of soluble p24 antigen in I-Mac (Fig. 2 E) . The pattern 
that I-Mac displayed significantly less (P < 0.05) GFP-positive 
cells was consistent in macrophage cultures prepared from 
an additional five independent donors (unpublished data). 
Likewise, when macrophages were infected with VSV-G- 
pseudotyped HIV-luciferase virus (HIV-LUC-V), HIV-1 in- 
fection of I-Mac was still inhibited, as indicated by 80% lower 
HIV-luciferase activity (Fig. 2 F). Importantly, we also com- 
pared the efficiency of proviral cDNA synthesis in M-Mac 
and I-Mac. M-Mac supported the synthesis of proviral cDNA 
as indicated by the amount of late products from viral cDNA 
synthesis. Infection of I-Mac by the same pseudotyped HIV 



luciferase virus led to 75% less proviral cDNA late products 
(Fig. 2 F).Thus, IL-27 appears to interfere with HIV-1 repli- 
cation after viral entry and before reverse transcription. 

I-Mac lacks a critical host factor to support HIV-1 infection 

We have established that M-Mac and I-Mac display different 
susceptibility to HIV-1 infection. This indicates the existence 
of cellular factors, differentially expressed between M-Mac 
and I-Mac, which have the potential to impact HIV-1 infection. 
Gene expression profiling using the genome-wide Affyme- 
trix GeneChip revealed that 178 genes were differentially ex- 
pressed between the two cells with an absolute fold change 
greater than five (Table SI). Within this group, 60 genes 
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Figure 2. HIV-1 infection of I-Mac is blocked after entry and before reverse transcription of viral cDNA. (A) M-Mac and I-Mac were analyzed 
for CD4 and CCR5 expression by FACS. (B) M-Mac and I-Mac were incubated with H IV- 1 BAL on ice for 1 h to allow virus binding. Virus attachment was 
determined by measuring the copy number of HIV-1 RNA bound to the cells. Data shown represent means ± SE of three independent experiments. (C) M-Mac 
and I-Mac were infected with HIV-EGFP-V. (left) Infected cells were examined with fluorescent microscopy. Bar, 200 pm. (D) GFP + cells were analyzed by 
FACS 4 d after infection. (E) p24 antigen amount was measured by ELISA. Data shown represent mean ± SD of triplicate infection samples. (F) M-Mac and 
I-Mac were infected with HIV-LUC-V Viral cDNA copy number and luciferase activity was measured 48 h after infection. Data shown represent mean + SE 
of three independent experiments. 
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showed decreased expression values, and 118 genes showed 
increased expression values in I-Mac.To determine whether 
the decreased HIV-1 infection was caused by lack of a re- 
quired factor or increased expression of a restriction factor, 
we generated heterokaryons between M-Mac and I-Mac. 
M-Mac and I-Mac homokaryons were also generated as con- 
trols. Heterokaryon formation was confirmed with fluores- 
cent microscopy as double-stained cells (Fig. 3 A). Fused cells 
were obtained with high purity by FACS sorting (Fig. 3 B). 
Susceptibility of the heterokaryons to HIV-LUC-V infection 
was compared with that of the homokaryons. Heterokaryons 
between M-Mac and I-Mac displayed full infection efficiency 
as M-Mac homokaryons (Fig. 3 C) . As an additional control, 
we also tested mixed parental M-Mac and I-Mac cultures at a 
ratio of 1:1 without fusion. As expected, HIV-1 infection of 
this unfused control faithfully reflected the average level of 
HIV-luciferase between those of M-Mac and I-Mac (unpub- 
lished data). Because fusion with M-Mac largely rescued 
HIV-1 infection of I-Mac, this suggested that I-Mac is defi- 
cient in a host factor that is required for HIV-1 infection. 

IL-27 down-regulates spectrin p nonerythrocyte 1 
(SPTBN1) during monocyte differentiation 

We next sought to identify the missing factor(s) for HIV- 1 in- 
fection of macrophage from the 60 down-regulated candidate 



genes identified in Table SI, cross-referencing the 11 previ- 
ously identified host factors predicted to facilitate the HIV 
life cycle after virus entry and before nuclear import (Brass 
et al., 2008). SPTBN1 was the only gene present in both 
groups. SPTBN1 belongs to the family of (3 spectrin and the 
gene encodes a 274-kD protein (Chang et al., 1993). We vali- 
dated our findings by real-time PCR and Western blotting 
(Fig.4, A and B). We compared M-Mac, I-Mac, and macro- 
phages treated with IFN-a for 24 h (IFN-a Mac). HIV-1 in- 
fection was highly inhibited in both I-Mac and IFN-a Mac, 
as expected (Fig. 4 C). A reduction of SPTBN1 mRNA level 
was only observed in I-Mac (Fig. 4 A). The specific reduc- 
tion of SPTBN1 in I-Mac was also confirmed by Western 
blotting (Fig. 4 B). In agreement with the GeneChip micro- 
array data, the expression of the IFN-inducible HIV-1 restric- 
tion factors APOBEC3G and BST-2 were not induced by 
IL-27, and the monocyte restriction factor SAMHD1 was 
not enhanced in I-Mac (Fig. 4 B). Thus, HIV-1 inhibition in- 
duced by IL-27 in macrophages seemed to be largely differ- 
ent from the anti-HIV events induced by IFN-a. We next 
examined whether or not SPTBN1 was expressed in primary 
monocytes. SPTBN1 expression was largely absent in mono- 
cytes and gradually became abundant in M-Mac along the 
7-d differentiation (Fig. 4, D and F). HIV-1 transduction 
was undetectable in monocytes but was evident in M-Mac 
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Figure 3. I-Mac lacks a cellular host factor to support HIV-1 infection. (A) Heterokaryons were formed between M-Mac and I-Mac. M-Mac was 
stained with CellTracker Green and I-Mac was stained with CellTracker Red. Double-stained heterokaryons were yellow as indicated by arrows. Bar, 50 urn. 
(B, left) Double-stained heterokaryons between M-Mac and I-Mac were sorted by FACS with the indicated gate, (middle) M-Mac and I-Mac were mixed 
without fusion, (right) Heterokaryons were reanalyzed by FACS to confirm purity after sorting. (C) Sorted heterokaryons were infected with HIV-LUC-V. 
HIV-1 infection of heterokaryons between M-Mac and I-Mac was compared with infection levels of M-Mac or I-Mac homokaryons. Data shown represent 
mean + SE of three independent experiments. 
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(Fig. 4 E). IL-27 efficiently down-regulated SPTBN1 of I-Mac 
during monocyte differentiation and led to lower susceptibility 
to HIV-1 infection (Fig. 4, D and E).We further compared the 
expression of SPTBN1 in monocytes, macrophages, monocyte- 
derived dendritic cells (MDDCs), and CD4 + T cells of the same 
donor (Fig. 4 F). SPTBN1 is highly expressed in differenti- 
ated macrophages and activated CD4 + T cells (Fig. 4 F, lane 2 
and lane 7). In contrast, little SPTBN1 expression was found 
in monocytes or in MDDCs (Fig. 4 F, lanes 1 and 4). Notably, 



it seemed that IL-27 only strongly affected the SPTBN1 ex- 
pression of macrophages (Fig.4F, lanes 2 and 3). In 293T and 
HeLa cell lines, IL-27 did not affect the gene expression of 
SPTBN1 (unpublished data). It is known that IL-27 activates 
STAT-1, -2, -3, and -5 in CD4+ T cells (Kamiya et al., 2004). 
In macrophages, however, IL-27 only activated STAT1 and 
STAT3, but not STAT2 (Fig. 5 A). AJAK-STAT inhibitor 
efficiently blocked the phosphorylation of ST ATI and STAT3 
(Fig. 5 A), but had little impact on the down-regulation of 
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Figure 4. IL-27 down-regulates SPTBN1 during monocyte differentiation. (A) M-Mac, I-Mac, and macrophages treated with IFN-a (1 ng/ml) for 
24 h (IFN-a Mac) were analyzed for gene expression levels of SPTBN1 by RT-PCR. (B) Whole-cell lysates of M-Mac, I-Mac, and IFN-a Mac were used for 
Western blotting. Protein expression levels of SPTBN1, SAMHD1, BST-2, and AP0BEC3G were examined with specific antibodies. Samples were loaded in 
duplicate and 3-actin served as an internal loading control. (C) M-Mac, I-Mac, and IFN-a Mac were infected with HIV-LUC-V. Data shown represent mean ± SE of 
three independent experiments. (D) M-Mac and I-Mac were analyzed for SPTBN1 expression on day 1, 3, 5, and 7 during differentiation, (top) Whole- 
cell lysates were subjected to Western blotting to examine protein levels of SPTBN1. (bottom) Gene expression levels of SPTBNl were examined by RT-PCR. 
Relative mRNA levels of M-Mac and I-Mac were compared with that of undifferentiated monocyte on day 0, which is equal to 1. (E) Monocytes, M-Mac, 
and I-Mac derived from the same donor were infected with HIV-LUC-V. Values of luciferase activity were expressed relative to those obtained for M-Mac. 
Data shown represent mean ± SE of three independent experiments. (F) Monocytes, macrophages, dendritic cells, and CD4+ T cells obtained from the same 
donor were analyzed for SPTBN1 expression by Western blotting. MDDCs were induced by G-MCSF (50 ng/ml) and IL-4 (50 ng/ml) with or without IL-27 
(50 ng/ml). CD4+ T cells were stimulated with PHA (5 ug/ml) and IL-2 (20 Ll/ml) with or without IL-27 (50 ng/ml). 
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SPTBN1 (Fig. 5 B).This result was surprising because JAK- 
STAT was considered as the classical apex of IL-27 signaling 
cascade. To exclude artificial effects from IL-27 preparation, 
we obtained another source of recombinant IL-27, which 
was produced by a distinct host and purified differently by 
another supplier. Because IL-27 from two different preparations 
similarly down-regulated SPTBN1 (Fig. 5 E), it was unlikely 
that the down-regulation of SPTBN1 resulted from artifacts 
of the IL-27 preparation. More importantly, we found that 
IL-27 also activated p38 MAPK in macrophages shortly after 
stimulation (Fig. 5 C, lanes 2—5), and that the down-regulation 
of SPTBN1 by IL-27 was sensitive to a p38 inhibitor, which 
inhibited p38 catalytic activity (Fig. 5 B), and also was restored 
by a TAK-1 inhibitor that blocked p38 phosphorylation 



(Fig. 5, C [lane 6] and D). Given that IL-6 activates TAK-1 
through gpl30 (Kojima et al., 2005), our results suggest IL-27 
may down-regulate SPTBN1 through a TAK-1— mediated 
MAPK signaling pathway. 

SPTBN1 is required to support HIV-1 infection 
of macrophage 

If a decrease in SPTBN1 is the key factor that determines 
the antiviral activity of IL-27, we would predict that knock- 
down of SPTBN1 in M-Mac or overexpression of SPTBN1 
in I-Mac should reverse their phenotypes. To this end, we 
first determined the impact of SPTBN1 silencing on HIV-1 
susceptibility of M-Mac. Transfection with a pool of three 
siRNAs targeting SPTBN1 resulted in complete knockdown 
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Figure 5. IL-27 down-regulates SPTBN1 through a TAK-1 -mediated p38 MAPK signaling pathway. On day 4 during differentiation, macro- 
phages were stimulated with IL-27 (50 ng/ml), with or without the pretreatment of a JAK inhibitor or its solvent control DMS0. (A) Whole-cell lysates 
were harvested 15 min after IL-27 stimulation, and the phosphorylation of STAT1, STAT2, and STAT3 was examined by Western blotting using specific 
antibodies against p-STATs (Cell Signaling Technology). IFN-oc-treated macrophage lysate was included to validate the antibody against phosphorylated 
STAT2. (B) Macrophages were pretreated with a JAK inhibitor (EMD), a p38 MAPK inhibitor (Cell Signaling Technology), or the solvent control DMS0. After 
2 h, macrophages were stimulated with IL-27 (50 ng/ml). Gene expression of SPTBN1 was examined by RT-PCR 24h after IL-27 stimulation. Data shown 
represent means ± SE of three independent experiments. (C) Macrophages were pretreated with a TAK-1 inhibitor (Cell Signaling Technology) or mock 
treated for 2 h. Cells were then stimulated with IL-27 (50 ng/ml) and harvested at different time points as indicated. The phosphorylation of p38 MAPK 
was examined by Western blotting using an anti-p-p38 antibody (Cell Signaling Technology). The expression of unphosphorylated p38 was shown as an 
internal control. (D) Macrophages were pretreated with a TAK-1 inhibitor (Cell Signaling Technology) or mock treated. After 2 h, macrophages were stimu- 
lated with IL-27 (50 ng/ml). Gene expression of SPTBN1 was examined by RT-PCR 24h after IL-27 stimulation. Data shown represent means ± SE of three 
independent experiments. (E) Recombinant human IL-27 #1 and IL-27 #2 were obtained from R&D Systems and HumanZyme, respectively. On day 4 
during differentiation, macrophages were stimulated with IL-27 #1 and IL-27 #2 (50 ng/ml). Gene expression of SPTBN1 was examined by RT-PCR 24 h 
after IL-27 stimulation. Data shown represent means ± SD of three independent samples. 
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of SPTBNl in M-Mac (Fig. 6 A). Silencing SPTBN1 strik- 
ingly abrogated a single round of HIV-LUC-V infection as well 
as spreading infection of HIV-l Ba i in M-Mac (Fig. 6, B and C). 
The transfection of SPTBNl siRNA exerted no significant 
cytotoxic effect (unpublished data) and induction of IFN-a 
was not detected 6 or 24 h after transfection (unpublished 
data). To further exclude nonspecific effects of siRNA trans- 
fection, we used a neutralizing antibody against IFN-a/ p re- 
ceptor to blocks type I IFN responses, and the level of HIV-1 
infection after the siRNA transfection of SPTBNl was not 
affected (unpublished data). Additionally, we were able to si- 
lence the gene expression of SPTBNl with the same siRNA 
in dendritic cells and CD4 + T cells. Knockdown of SPTBNl 
in these cells, however, had no impact on the HIV-1 replica- 
tion (unpublished data). Next, we compensated for the sup- 
pressed endogenous SPTBNl of I-Mac by transfection with 
an SPTBNl expression vector. With a fivefold increase of 
SPTBNl, HIV-1 infection of I-Mac was rescued to 83% that 
of M-Mac (Fig. 6 D). Collectively, these results demonstrate 
that SPTBNl is a major host factor to support HIV-1 infec- 
tion specifically in macrophages. 

SPTBN1 associates with HIV-1 gag proteins 

To investigate a potential protein— protein interaction that 
could link SPTBNl and the early steps of the HIV-1 life cycle, 
we examined whether SPTBNl associates with HIV-1 gag 



proteins. 293T cells were co-transfected with a pNL4.3 plas- 
mid and a FLAG-tagged SPTBNl -expressing vector. Immuno- 
blotting of the anti-FLAG immunoprecipitates revealed 
that SPTBNl strongly binds to HIV-1 gag p55 (Fig. 7 A, lane 1), 
whereas no signal was detected with an unrelated FLAG- 
tagged protein RIG-I or untagged SPTBNl control (Fig. 7 A, 
lanes 2 and 3). The antibody also detected gag p41 and p24, 
but not pl7 or p7. In fact, HIV-1 gag p55 is the polyprotein 
precursor of capsid (CA) p24, matrix (MA) pi 7, and nucleo- 
capsid (NC) p7. Because the interaction between SPTBNl 
and gag p55 could be mediated by these smaller gag proteins, 
we performed coimmunoprecipitation to dissect the interac- 
tion of SPTBNl with individual gag proteins. FLAG-tagged 
SPTBNl was coexpressed with HA-tagged CA p24, MA 
pi 7, or NC p7. HA tagged-Nef was included as a control to 
rule out that SPTBNl bound nonspecifically to HA tag in 
this assay. Immunoblotting of the anti-FLAG and anti-HA 
immunoprecipitates consistently showed that SPTBNl asso- 
ciates with CA p24 and MA pl7 (Fig. 7 B, lanes 1 and 2) but 
not with NC p7 or Nef (Fig. 7 B, lanes 3 and 4). These results 
demonstrate that SPTBNl has a specific interaction with HIV-1 
gag CA p24 and MA pl7 proteins. We next sought to deter- 
mine whether SPTBNl colocalizes with HIV-1 gag in macro- 
phages (Fig. 7 C). We transfected macrophages with a plasmid 
expressing GFP-tagged HIV-1 gag p55 (green) and labeled 
endogenous SPTBNl with an Alexa Fluor 555— conjugated 
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Figure 6. SPTBN1 is required to support HIV-1 infection in primary macrophages. (A) M-Mac was mock transfected or transfected with siRNA 
targeting SPTBNl. 48 h after transfection, whole-cell lysates were used to examine SPTBNl expression by Western blotting. (B) M-Mac was infected with 
HIV-LUC-V 48 h after siRNA transfection. Data shown represent mean ± SE of three independent experiments. (C) M-Mac was infected with HIV-1 BAL . 
HIV-1 replication was monitored by measuring p24 antigen levels in culture supernatants for 24 d after infection. Data shown represent mean ± SD of 
triplicate infection samples. (D) M-Mac and I-Mac were transfected with an SPTBN1 expression vector or an empty vector for 48 h. (left) Whole-cell 
lysates were used to examine SPTBNl expression by Western blotting, (right) Transfected cells were infected with HIV-LUC-V. Relative luciferase activity 
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Figure 7. SPTBN1 associates with HIV-1 
gag proteins. (A) 293T cells were transferred 
to express FLAG-tagged SPTBN1 and gag p55. 
Whole-cell lysates from transfected cells were 
subjected to a pull-down assay using anti- 
FLAG agarose. Unrelated FLAG-tagged RIG-I 
and untagged SPTBN1 were negative controls 
for nonspecific binding. Immunoprecipitates 
were analyzed by immunoblotting using anti- 
FLAG tag and anti-gag p55 antibodies. 

(B) 293T cells were transfected to express 
FLAG-tagged SPTBN1 and HA-tagged CA p24, 
MA pi 7, and NC p7. Whole-cell lysates from 
transfected cells were subjected to a pull- 
down assay using anti-FLAG agarose or 
anti-HA agarose. Immunoprecipitates were 
analyzed by immunoblotting using anti- 
SPTBN1 and anti-HA antibodies. Nef was a 
negative control for nonspecific binding. 

(C) Macrophages were transfected to express 
GFP-tagged Gag p55 (green). After 24 h, 
macrophages were fixed and labeled with 
antibody against SPTBN1 (red). A representa- 
tive merged image of Gag p55 and SPTBN 1 
shown on the right (yellow) indicates the 
colocalization between Gag and SPTBNL 

R, Pearson coefficient of correlation. Bars, 10 pm. 

(D) Macrophages were infected with VSV-G- 
pseudotyped Vpr-GFP-packaged HIV-1 virions 
(green). After 30-min incubation, cells were 
fixed and labeled with antibody against 
SPTBN 1 (red) or DAPI (blue). White arrows on 
the merged image indicate the colocalization 
of SPTBN1 and incoming HIV-1 virions (yel- 
low). Bars, 30 pm. (E) M-Mac and l-Mac were 
infected with VSV-G-pseudotyped Vpr-GFP- 
packaged HIV-1 virions (green). After 30-min 
incubation, cells were fixed and labeled with 
antibody against SPTBN 1 (red) or DAPI (blue). 
White arrows on the merged image indicate 
the colocalization of SPTBN 1 and incoming 
HIV-1 virions (yellow). Bars, 30 pm. 



antibody (red). SPTBN1 displayed a localization pattern that 
largely overlapped with that of gag p55, as indicated with a 
Pearson correlation coefficient (R) value of 0.70 + 0.05 (n = 5), 
and the colocalization (yellow) was observed both to the cell 
plasma membrane (PM) and to intracellular compartments 
(Fig. 7 C). To define the localization of gag in macrophages 
at early time points after infection, we infected macrophages 



with HIV-1 virus packaging Vpr.GFP fusion proteins (HIV- 
Vpr.GFP; Fig. 7 D). Because GFP fluorescence has been 
confirmed to highly associate with HIV-1 gag proteins CA 
p24 and MA pl7 (McDonald et al, 2002), this system made it 
feasible for us to investigate the colocalization of SPTBN1 and 
HIV-1 virions in the context of viral infection. After macro- 
phages were incubated with VSV-G— pseudotyped HIV-Vpr. 
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GFP (green) for 20 min, the cells were extensively washed 
and fixed with formaldehyde, and then endogenous SPTBN1 
was labeled with the Alexa Fluor 555— conjugated antibody 
(red). Colocalization of SPTBN1 and Vpr.GFP-labeled viri- 
ons was observed on PM as well as close to the intracellular 
side of the PM (Fig. 7 D, bottom right). We observed in a 
total of 752 M-Mac cells that 75% of the virions displayed 
overlapped localization with SPTBN1, whereas only 13% 
did in a total of 825 I-Mac cells because of the substantial 
SPTBN1 reduction by IL-27 (Fig. 7 E). Additional statistical 
analysis confirmed that the possibility of the colocalization 
patterns of M-Mac and I-Mac being not significantly differ- 
ent was <10 -11 . Collectively, these results indicate that the 
lack of viral interaction with the host factor SPTBN1 may 
limit the completion of the HIV-1 life cycle. 

DISCUSSION 

Our study has demonstrated that IL-27 promotes monocyte 
differentiation into HIV-1— resistant macrophages with no 
obvious impact on other biological functions. IL-27 induces 
a post-entry block to HIV-1 infection of macrophages by 
suppressing the host factor SPTBN1 . Silencing of SPTBN1 
in M-Mac strongly inhibits HIV-1 infection. Conversely, 
overexpression of SPTBN1 markedly increases the suscepti- 
bility of I-Mac to infection. Thus, our results suggest that 
modulating SPTBN1 level by IL-27 is an effective way to 
render human macrophages resistant to HIV-1 infection. 
IL-27 could be a promising therapeutic candidate, as the 
treatment of IL-27 has no significant impact on cell viability 
or biological functions of macrophages. Notably, the IL-27— 
induced viral resistance is not only against HIV-1 infection 
but also the infection of HCV (Frank et al., 2010), SIV mac2 39, 
HIV-2, influenza A, and some herpes viruses such as HSV-2 
and KSHV (Fig. 8). Co-infection of other viruses with HIV 
may accelerate AIDS progression and increase the risk of 



death. Although IL-27 could be produced by dendritic cells 
and macrophages during viral infection, circulating HIV may 
suppress IL-27 production in infected patients (Guzzo et al., 
2010b). Therefore, IL-27 treatment in HIV-1 patients could 
be beneficial to control systemic disease progression as a novel 
therapeutic candidate. Further studies are needed to first as- 
sess the antiviral effect of IL-27 in vivo using the SIV-infected 
monkey model. 

Our group was the first to report the anti-HIV effect of 
IL-27 on terminally differentiated macrophages, and in those 
studies, IL-27 was always maintained in culture (Fakruddin 
et al., 2007; Imamichi et al., 2008). In the current study, we 
extend these studies and examine the impact of IL-27 on the 
primary monocytes. Our results demonstrate that IL-27 pro- 
motes the differentiation of monocytes into I-Mac which is 
nonpermissive to HIV-1 infection. Once I-Mac is established 
upon macrophage differentiation, IL-27 is no longer needed 
to maintain the HIV-1 resistance. Unlike the previous stud- 
ies, IL-27 was completely removed after 7 d of macrophage 
differentiation and cells were challenged with HIV-1 in an 
IL-27— free environment. Thus, it is unlikely that IL-27 has a 
direct negative effect on the HIV-1 virus particles. Instead, 
IL-27 causes an intracellular block to HIV-1 infection. 

The mechanism by which IL-27 inhibits HIV-1 replication 
in macrophages has been controversial: our previous results 
suggest the inhibition of HIV-1 by IL-27 is IFN-a— independent 
because neutralization of IFN-a has no impact on IL-27— 
mediated HIV inhibition (Imamichi et al., 2008), whereas 
another study has shown that type I IFNs are induced by IL-27 
and subsequently induce APOBEC3G (Greenwell-Wild et al., 
2009). This discrepancy could be attributed to the different 
methods used for macrophage differentiation. In the experi- 
ments presented here, the results of the microarray and 
Western blotting analysis display no differential expression of 
IFN-inducible genes such as APOBEC3G and BST-2 between 
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Figure 8. IL-27 inhibits various viral infections. 

M-Mac and I-Mac were infected with SIV, HIV-2, 
Influenza A, HSV-1, HSV-2, and KSHV. Infection of SIV 
and HIV-2 was monitored by measuring p27 antigen 
amount in supernatants. N.D., not detected. Detection 
limit of SIV p27 was 1 5.625 pg/ml. Infection of Influ- 
enza A was determined using HA assay. Infection of 
herpes viruses was gauged by measuring viral DNA 
copies with real-time PCR. Data shown represent 
means + SE of three independent experiments. 



526 



IL-27 inhibits HIV by down-regulating SPTBN1 | Dai et al. 



Article 



M-Mac and I-Mac (Table SI and Fig. 4 B). We have also ex- 
amined the cytokine profiles of M-Mac and I-Mac (Fig. 1 F). 
I-Mac did not produce significantly more IFN-a2 or IL-10, 
which is another anti-HIV cytokine (Saville et al., 1994; 
Weissman et al, 1994), than M-Mac. Blocking IFN-ct or IL-10 
responses with neutralizing antibodies had no impact on the 
HIV-1 resistance of I-Mac (Fig. 1 B). Thus, our results indi- 
cate that IFN-a and IL-10 may only play a minimal role in the 
HIV-1 inhibition of I-Mac. Moreover, because co-culturing 
with I-Mac did not inhibit the HIV-1 infection of M-Mac 
(unpublished data), it seems unlikely that the HIV-1 resistance 
of I-Mac is mediated by a soluble factor in the supernatant. 
However, at present, we cannot fully exclude the possibility 
that other antiviral genes induced by IL-27 could also affect 
HIV replication of I-Mac, considering the known IFN-a— 
like and IFN-7— like functions of IL-27 (Imamichi et al., 
2008; Bender et al., 2009), and therefore further investigation 
will be needed to determine the individual role of any poten- 
tial antiviral genes that could be induced by IL-27. 

HIV-1 minimally infects peripheral blood monocytes 
in vitro because of a post-entry block (Sonza et al., 1996;Eisert 
et al., 2001; Neil et al., 2001). Susceptibility to HIV-1 is thought 
to be established once monocytes differentiate into macro- 
phages (Di Marzio et al, 1998; Naif et al, 1998; Rich et al, 
1992). The restriction of HIV-1 infection in monocytes 



seems to be the result of multiple limitations. Some studies 
have shown that monocytes express less CD4 and CCR5 re- 
ceptors than macrophages (Di Marzio et al., 1998; Naif et al., 
1998), although it does not explain why VSV-G— pseudotyped 
HIV-1 virus is still restricted. Other studies have shown that 
monocytes contain lower levels of dNTPs (O'Brien et al., 
1994; Triques and Stevenson, 2004), and may have some anti- 
HIV miRNAs (Wang et al., 2009), which may be responsible 
for the lower infection of monocytes. Recently, SAMHD1 
was identified as an important HIV-1 restriction factor of 
myeloid cells. The expression of SAMHD1 has been confirmed 
in dendritic cells, monocytes, and macrophages (Laguette 
et al., 2011). In this study, we have compared the expression 
of SAMHD1 in monocytes and monocyte-derived macro- 
phages from the same donors. We found SAMHD1 expression 
was surprisingly enhanced after macrophage differentiation 
(Fig. 9 A). Thus, it appears that SAMHD1 is not the answer 
to explain why macrophages are more susceptible than mono- 
cytes. In fact, we found that SIV mac23 9, harboring Vpx to coun- 
teract SAMHD 1 , was still unable to replicate in macrophages 
when SPTBN1 was silenced (Fig. 9, B and C). The results in this 
study have identified SPTBN1 as a required host factor for 
HIV-1 infection of macrophages. The expression of SPTBN1 
is missing in monocytes but significantly up-regulated upon 
macrophage differentiation, and suppression of SPTBN1 by 
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Figure 9. SPTBN1 affects macrophage susceptibility to HIV-1 infection independently of SAMHD1. (A) Whole-cell lysates of monocytes, 
M-Mac, and I-Mac (donor 1-3) or whole-cell lysates of monocytes and macrophages (donor 4 and 5) were analyzed for protein expression levels of SPTBN1. 
GAPDH served as an internal loading control. (B) Macrophages were infected with SIV-GFP after transfection with control siRNA or SPTBN1 specific siRNA 
(50 pmol). A representative field of macrophages for SIV-GFP expression was shown. Bars, 200 urn. (C) SIV p27 level in culture supernatants was mea- 
sured. Data shown represent means ± SD of triplicate infection samples. 
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IL-27 leads to impaired susceptibility (Fig. 4 C). Therefore, the 
absence of SPTBN1 in monocytes at least partially accounts 
for their relatively lower susceptibility to HIV-1 infection. 

Previous studies established that IL-27 mainly triggers a 
JAK-STAT signaling pathway inT cells (Takeda et al., 2003; 
Villarino et al, 2003). Owaki et al. (2006) reported that IL-27 
induces Thl differentiation through alternative MAPK/ERK- 
dependent pathways. Our results show that IL-27 activates 
p38, which confirms that the IL-27— mediated MAPK signal- 
ing pathway also exists in macrophages. Moreover, we found 
that IL-27— induced p38 activation is blocked by aTAK-1 in- 
hibitor, indicating thatTAK-1 is located upstream of p38 MAPK. 
Indeed, gpl30, the common subunit of IL-27 and IL-6 receptor, 
has been shown to activate TAK-1 (Kojima et al., 2005). Collec- 
tively, our current study suggests that IL-27 activates an alterna- 
tive MAPK signaling pathway via TAK-1 in macrophages. 

SPTBN1 was previously implicated as a supportive host 
factor for HIV infection in the screen performed on HeLa- 
derived TZM-bl cells (Brass et al, 2008). Our results further 
demonstrate that SPTBN1 is required to support HIV-1 in- 
fection of macrophages. Moreover, SPTBN1 expression ap- 
pears to correlate with the capacity of different primary cells 
to support HIV-1 infection (Fig. 4 F).This correlation, is not 
perfect, however, as exemplified by the fact that knock-down 
of SPTBN1 in CD4 + T cells does not restrict HIV-1 infection 
as it does in macrophages (unpublished data), and therefore 
the phenotype appears to be macrophage specific. Studies on 
the HIV-1 restriction factor SAMHD1 have demonstrated 
how a similar cell specificity issue is explained. SAMHD1 is 
highly expressed in restricting cells such as macrophages and 
dendritic cells, although it is largely missing in permissive cells 
such Jurkat and SupTl cells (Laguette et al., 2011). This cor- 
relation is also not absolute. For example, 293T cells are per- 
missive to HIV-1 infection but do express SAMHD1 (Hrecka 
et al, 2011). It is now understood that SAMHD1 restricts 
HIV reverse transcription by reducing intracellular dNTP 
pool (Lahouassa et al., 2012), and therefore this phenotype is 
only evident in the cells with relatively low concentrations of 
dNTPs such as monocytic cells. During the preparation of our 
manuscript, two groups reported that primary CD4 + T cells, 
both resting and activated, also express SAMHD1 and that 
differential dNTP concentrations may explain their contrast 
susceptibility to HIV-1 infection (Baldauf et al.,2012;Descours 
et al., 20 12). Therefore, the presence or absence of a host fac- 
tor alone is usually insufficient to perfectly explain its pheno- 
type in different cells. In the case of SPTBN1, our current 
results indicate that SPTBN1 may facilitate a macrophage- 
specific post-entry viral activity that could be dispensable in 
CD4 + T cells, or alternatively, that in the absence of SPTBN1 
HIV-1 can use redundant host factors to complete its life cycle 
in CD4+T cells. 

It is unclear by what exact mechanism SPTBN1 promotes 
the HIV-1 life cycle in macrophages. Nevertheless, our results 
indicate that a block to HIV-1 infection of I-Mac is present 
after entry and before the completion of reverse transcription, 
which puts SPTBN1 at a position to facilitate an early event 



of HIV-1 infection. Our results also indicate that SPTBN1 
associates with HIV-1 gag CA p24 and MA pl7. Mass spec- 
trometry results from another group have shown that SPTBN1 
also binds to Tat (Bushman et al., 2009). However, the inter- 
action between SPTBN1 and Tat may be irrelevant to the 
block in I-Mac because Tat mainly enhances transcription of 
HIV-1 genome at a later stage. At present, we are not sure 
how SPTBN1 can bind to both p24 and pl7, and we are 
constructing a series of mutants that will help us to determine 
the amino acid motif for the interactions in future studies, 
and will also help us understand the contribution of each in- 
teraction to HIV-1 infection. Although we currently have no 
direct evidence to support that these interactions have bona 
fide effects on the HIV-1 life cycle, it is tempting to speculate 
that such interactions may provide some possible mechanisms 
by which SPTBN1 may facilitate efficient reverse transcrip- 
tion. SPTBN1, with the N-terminal, actin-binding domain, 
has been implicated to serve as a scaffold protein for actin 
cytoskeleton (Hartwig, 1994; Davis et al., 2009). In fact, we 
have vahdated that SPTBN1 is required to maintain actin 
cytoskeletal structure in macrophages. IL-27 treatment or 
knockdown of SPTBN1 results in a severe damage to the 
cytoskeleton structure (Fig. 10). We quantitated a total of 
50 I-Mac cells and found that 50% of the F-actin fibers were 
replaced with granular or punctate actin structures, an effect 
similar to the actin depolymerization caused by the treatment 
of cytochalasin A (CCA) and cytochalasin D (CCD). It should 
be also noted that the remaining 50% of the F-actin fibers, 
especially those close to the PM region, were still intact. Recent 
evidence has shown that phagocytic cups may still form, 
even with partially impaired F-actin structure (van Zon et al., 
2009). This gives a possible explanation for the normal phago- 
cytosis of I-Mac. Nevertheless, such actin disarrangement 
does lead to a dramatic reduction in HIV-1 infection (Fig. 10). 
The interaction between HIV-1 virus particles and the actin 
cytoskeleton has been reported to be important for virus 
entry, uncoating, and reverse transcription, as well as for virus 
trafficking to the nucleus (Bukrinskaya et al., 1998; Iyengar 
et al, 1998; McDonald et al, 2002; Viard et al, 2002; Arhel, 
2006, 2010). SPTBN1, along with other spectrins, forms a 
lattice which supports a dense actin network beneath the cyto- 
plasmic surface of the plasma membrane. In this study, SPTBN1 
has been identified as a gag-interacting protein. In the con- 
text of macrophage infection, the colocalization of SPTBN1 
and virus particles is also evident (Fig. 7). Thus, SPTBN1 
may serve as an intracellular adaptor for HIV-1 viral particles 
after entry. The following uncoating process may be facili- 
tated by association of the viral capsid core to the cytoskele- 
ton through the interaction between SPTBN1 and CA. In 
this case, a simple cell-free system to study HIV uncoating 
will be of great help to initiate our further study (Shah and 
Aiken, 2011). Or alternatively, the gag MA within the re- 
verse transcription complex (RTC) associates with SPTBN1 
to locate the actin cytoskeleton to complete cDNA synthesis. 
In addition, if the preintegration complex (PIC) has to move 
along the cytoskeleton, from actin filaments to microtubules, 
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Figure 1 0. Actin disarrangement impacts HIV-1 infection. Macrophages were treated with IL-27 (50 ng/ml), cytochalasin A (5 pM), or eytochalasin 
D (5 |iM), or transfected with control or SPTBN1 siRNA (50 pmol). F-actin was labeled with fluorescein phalloidin and nuclei were stained with DAPI. Bars, 
10 urn. Cells were infected with HIV-LUC-V and luciferase activity was measured 4 d after infection. Data shown represent means ± SE of three indepen- 
dent experiments. 



to eventually reach the nucleus (Arhel et al., 2006; McDonald 
et al., 2002), disruption of the actin structure, due to the absence 
of SPTBN1, could make the HIV-1 PIC lost in the cytosol. 
Collectively, our current findings suggest a model that SPTBN1 
mediates the interaction of virus particles and the actin cyto- 
skeleton to facilitate an early step of the HIV-1 life cycle. 

MATERIALS AND METHODS 

Plasmids. pNL4-3.Luc were obtained from the AIDS reagent program of 
the National Institute of Allergy and Infectious Disease (NIAID), National 
Institutes of Health (NIH; Connor et al., 1995; He et al., 1995). It contains a 
luciferase reporter gene in the position of Nef and a frameshift mutation 
at 59 of Env. pNL4-3-deltaE-EGFP was obtained from the AIDS reagent 
program of NIAID (Zhang et al., 2004). It expresses truncated Env-EGFP 
fusion protein. pLTR-VSV, aVSV-G expression vector, was used to pseudo- 
type envelope-deficient HIV-LUC and HIV-EGFP viruses. Construction of 
SPTBN1 expression vectors was conducted as follows: SPTBN1 cDNA was 
synthesized from 5 u.g total macrophage RNA using Superscript First Stand 
Synthesis System for RT-PCR (Invitrogen) . SPTBN1 cDNA was PCR am- 
plified, and then cloned into pCMV5a and pCMV5b vectors (Sigma -Aldrich) 
to generate pSPTBNl and pSPTBNl.FLAG, respectively. pNL4.3pb has 
been previously described (Imamichi et al., 2000). pNL4-3KFS and pVpr- 
GFP plasmids were obtained as a gift from E. Freed (Frederick National Lab- 
oratory for Cancer Research, Frederick, MD). pNL4-3KFS is an Env-HIV-1 
NL4.3 clone with a frameshift mutation at the 5' end of the env gene (Freed 
et al., 1992), and we further mutated the Vpr gene of this clone with a 
stop codon to generate pNL4-3KFS-Vpr-. pVpr-GFP expresses Vpr-GFP 
fusion proteins, which can be efficiently incorporated into HIV-1 virions 
(Campbell et al., 2007). pGag-EGFP was obtained from the NIAID AIDS 



reagent program (Schwartz et al., 1992; Hermida-Matsumoto and Resh, 
2000; Lindwasser and Resh, 2002; Perlman and Resh, 2006). Codon- 
optimized CA, MA, or NC gene of HIV-1NL4.3 fused with a C-terminal 
HA tag was synthesized (Invitrogen) and subcloned into a pIP^ES2-ZsGreenl 
expression vector (Takara Bio Inc.). The Nef expression vector has been 
previously described (Dai and Stevenson, 2010). RIG-I cDNA was PCR 
amplified, and then cloned into the pCMV5b vector (Sigma -Aldrich) to 
generate pRIG-I.FLAG. 

Cells and viruses. CD14 + monocytes were purified from PBMCs of 
healthy donors using CD14 MicroBeads (Miltenyi Biotec) according to the 
manufacturer's instructions, as previously described (Fakruddin et al.,2007). 
To generate MDMs, isolated CD14 + monocytes were plated in 24-well 
plates at 0.7 x 10 6 cells/well. Monocytes were stimulated with 25 ng/ml 
M-CSF (R&D Systems) alone or in combination with 25—100 ng/ml IL-27 
(R&D Systems) in macrophage serum-free medium (Invitrogen) for 7 d. 
MDMs were then maintained in DMEM (Invitrogen) containing 10% FBS 
(HyClone Laboratories), 25 mM Hepes (Quality Biology), and 5 u.g/ml 
Gentamicin (Invitrogen) before use in experiments. 293T cells were ob- 
tained from H. Gottlinger (University of Massachusetts Medical School, 
Worcester, MA) and maintained in DMEM containing 10% FBS. HIV- 
1BAL virus stocks were obtained from Advanced Biotechnologies, Inc. 
HIV-LUC-V or HIV-EGFP-V were produced by co-transfecting 293T 
cells with pNL4-3.Luc or pNL4-3-deltaE-EGFP (10 ug) and pLTR-VSVG 
(1 jag) using a TransIT-LTl transfection kit (Mirus). VSV-G— pseudotyped 
GFP-labeled HIV-1 virus HIV-Vpr.GFP-V was produced by co-transfecting 
293T cells with pNL4-3KFS-Vpr- (10 jag), pVpr-GFP (3 jag), and pLTR- 
VSVG (1 jag) using the TransIT-LTl transfection kit. Virus containing 
supernatants were harvested 48 h after transfection and filtered with 0.22-jam 
Sterinip Filter Units (Millipore). Virus particles were pelleted by ultracen- 
trifugation through a 20% sucrose cushion and resuspended in PBS. 
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FACS analysis. Expression of CD14, CDllb, EMR-1 , CD206, CD4, and 
CCR5 on M-Mac or I-Mac was analyzed by flow cytometry. Cells were 
stained for 15 inin at room temperature in PBS containing 2% BSA with the 
following antibodies: PE-conjugated anti-CD14 (BD), APC-conjugated 
anti-CDllb (BD), FITC-conju gated anti-F4/80 (Abeam), FITC-conju gated 
anti-CD206 (ED), FITC-conjugated anti-CD4 (BD), and PE-conjugated anti- 
CCR5 (BD). The cell preparations were analyzed with a FACSCalibur flow 
cytometer (BD). Positive and negative events were determined with match- 
ing isotype controls. 

HIV binding assay. Macrophages were incubated with virus at 4°C for 1 h 
to allow binding, but not membrane fusion, as previously described (McClure 
et al., 1992), and then washed to remove unbound virus. Total RNA was 
isolated and reverse transcription of viral RNA was performed as previously 
described (Brann et al., 2006). The levels of virus binding were estimated with 
copy numbers of viral RNA measured with quantitative RT-PCR. 

HIV-1 replication assay. To infect MDMs, 0.7 X 10 6 cells were incubated 
with 700 TCID 50 HIV-1 BAL for 2 h. Cells were washed and maintained in 
DMEM containing 10% FBS for 24 d. Half of the culture supernatants were 
replaced with fresh medium every 3 d. Viral replication was gauged from p24 
levels in culture supernatants using an HIV-1 p24 ELISA kit (Perkin-Elmer). 

HIV single-round infection. MDMs were incubated with HIV-EGFP-V 
or HIV-LUC-V (1 ug/ml p24) for 2 h. Cells were washed and then cultured 
for 4 d. The EGFP expression of infected cells was analyzed with a FACS- 
Calibur flow cytometer (BD). P24 antigen amount in supernatants was mea- 
sured using an HIV-1 p24 ELISA kit (Perkin-Elmer). Luciferase activity was 
measured with Bright-Glo luciferase assay system (Promega). Quantitative 
analysis of viral cDNA late products was performed as previously described 
(Sharova et al., 2008). Copy number estimates of cDNA late product were 
determined by real-time PCR on an IQ5 RT-PCR detection system (Bio- 
Rad Laboratories). These copy numbers were normalized by the cell num- 
bers determined by real-time PCR using CCR5-specific primers. 

Cell fusion. M-Mac was stained with CellTracker Red and I-Mac was 
stained with CellTracker Green (Invitrogen) following the manufacturer's 
instructions. Cell fusion between M-Mac and I-Mac was achieved by using 
PEG- 1450 as previously described (Sharova et al., 2008). Cells were then 
plated in a 100-mm culture dish (10 7 cells/dish) and cultured for 48 h. Double- 
stained cells were sorted with a FACSAria flow cytometer (BD). 

Microarray analysis. DNA microarray assay was performed using the 
Afrymetrix GeneChip System (Affymetrix).The Affymetrix Human Exon 1.0 
ST Array containing 1.4 million probe sets was used. Total cellular RNA was 
extracted from M-Mac and I-Mac with an RNeasy Isolation kit (QIAGEN) 
and quantitated following the manufacturer's protocols (Affymetrix). Termi- 
nal labeling and hybridization, array wash, stain, and scan were processed ac- 
cording to the Affymetrix recommended standard protocol. Intensity data 
were processed and summarized to gene level with Partek (Partek). Differen- 
tially expressed gene candidates were selected for verification with an abso- 
lute fold change difference >5.0. The microarray data are available at the 
Gene Expression Omnibus under accession no. GSE43595 

Quantitative RT-PCR. Cells were washed using cold PBS, and RNA was 
isolated from the cells using the RNeasy Isolation kit (QIAGEN). Total 
cDNA was synthesized using TaqMan reverse transcription reagents (Applied 
Biosystems). SPTBN1 expression levels were measured using quantitative 
RT-PCR on CFX96 Real-Time system (Bio-Rad Laboratories). Copy 
numbers of SPTBN1 were normalized by GAPDH. Probes specific for SPTBN1 
(Hs00162271_ml) and GAPDH (Hs99999905_ml) were purchased from 
Applied Biosystems. 

siRNA Silencing of SPTBN1 in Macrophages. SPTBN1 specific siRNA 
(SR304571) and scrambled control siRNA (SR30004) were purchased from 



OriGene. Macrophages were transfected with siRNA using Lipofectamine 
2000 (Invitrogen). In brief, macrophages (0.7 x 10 6 /well) were seeded in a 
24-well plate. 50 pmol siRNA and 3 ul Lipofectamine 2000 were mixed 
well in 350 ul plain DMEM. The transfection mixture was incubated at 
room temperature for 30 min. Macrophages were washed with plain DMEM 
once and incubated with the transfection mixture at 37°C. After 2 h, the 
transfection mixture was removed and replaced with DMEM containing 
10% FBS. SPTBN1 knockdown was assessed by RT-PCR and Western 
blotting 48 h after transfection. 

DNA transfection of macrophages. DNA transfection of macrophages 
was performed using a P3 Primary Cell kit (V4SP-3096) in 96-well Shuttle 
Nucleofector system (Lonza). To transfect macrophages, lOVwell cells were 
mixed with 0.4 ug plasmid DNA in 20 ul P3 primary cell solution, and pro- 
gram 96-DP-148 was applied for nucleofection. SPTBN1 expression was 
assessed by Western blotting 48 h after transfection. 

Western blotting. Whole-cell lysates were used to detect SPTBN1 expres- 
sion by Western blotting. Samples were loaded on 3—8% Tris-Acetate NuPAGE 
gels (Invitrogen) and analyzed by imniuiioblotting with a rabbit anti-SPTBNl 
antibody (Abeam). Other antibodies used in this study include anti-SAMHDl 
(Abeam), anti-APOBEC3G (Abeam), anti-BST2 serum (AIDS Reagent 
Program) (Miyagi et al., 2009), anti— [3-actin (Santa Cruz Biotechnology, 
Inc.), and anti-GAPDH (Abeam). Intensity of Western blot bands was ana- 
lyzed with the ImageJ (NIH). 

Coimmunoprecipitation. 293T cells were transfected with a FLAG- 
tagged SPTBN1 expression vector along with vectors expressing gag p55, 
HA-tagged CA p24, MA pl7, NC p7, or Nef by using TransIT-LTl transfec- 
tion reagents (Mirus).The transfected cells were lysed after 48 h in Pierce IP 
Lysis Buffer (Thermo Fisher Scientific) with 10% glycerol. The lysates were 
centrifuged at 1 8,000 x g for 10 min to remove artifacts caused by incomplete 
solubilization. The supernatants were immunoprecipitated with anti-FLAG 
agarose ( Sigma -Aldrich) or Protein G agarose (Sigma-Aldrich) coated with 
anti-HA antibody (Covance). Immunoprecipitates were analyzed by immuno- 
blotting with anti-FLAG antibody (Cell Signaling Technology), anti-HIV-1 
gag p55 (Abeam), or anti-HA antibody (Covance). 

Confocal microscopy. To monitor the colocalization of Gag p55 and 
SPTBN1, macrophages were transfected with pGag-EGFP using a P3 Pri- 
mary Cell kit (V4SP-3096; Lonza) in 96-well Shuttle Nucleofector system 
(Lonza). In brief, O.lOVwell cells were mixed with 0.4 [ig DNA plasmid 
in 20 ul of P3 primary cell solution and program DP-148 was applied for 
nucleofection. Transfected macrophages were transferred into glass-bottomed 
24-well plates (MatTek) and cultured in DMEM-10% FCS medium for 48 h. 
To monitor the colocalization of incoming HIV-1 viral particles and 
SPTBN1, 0.7 x 10 6 macrophages per well were cultured in glass-bottomed 
24-well plates (MatTek), incubated with HIWpr.GFP-V for 30 mm, and 
washed extensively to remove free virions. To label SPTBN1, cells were in- 
cubated with 0.4 ml Fc Blocker (Innovex) for 1 h at room temperature and 
fixed using 3.7% methanol-free formaldehyde in PBS for 15 min at room 
temperature. The cells were then permeabilized and blocked with 0.2% 
Triton X-100 and 1% BSA in PBS for 30 min, incubated with die anti-SPTBNl 
antibody for 1 h, washed, and incubated with Alexa Fluor 555— conjugated 
anti— rabbit IgG (Cell Signaling Technology) for 30 min at room temperature. 
Samples were air dried and maintained in a ProLong Gold with DAPI 
reagent (Invitrogen). The cells were imaged using a FluoView FV1000 Con- 
focal Microscope (Olympus). Photographs were obtained with a PLAPON 
objective (60 x 1.42 NA) under oil immersion. To quantitate the extent of 
colocalization, we calculated the Pearson correlation coefficient (R) value, a 
standard measurement of colocalization (Manders et al., 1993). The R value 
was calculated using the JAcoP plug-in of the ImageJ software (NIH). 

Phagocytosis assay. Phagocytosis assay was performed using a pHrodo 
E. coli BioParticles Phagocytosis kit (Invitrogen). The E, coli particles are 
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nonfluorescent at neutral pH but emit strong fluorescence in an acidic envi- 
ronment after phagocytosis. 10 6 macrophages were incubated with 20 ul 
particles at 37°C for 30 min. A negative control was set on ice to prevent 
phagocytosis. Cells were washed and analyzed by flow cytometry. 

Chemotaxis assay. Migration of macrophages to SDF-la (R&D System) 
or RANTES (R&D System) was assessed using a 48-well microchemotaxis 
chamber technique as previously described (Falk et al., 1980). The results are 
presented as number of cells per high power field. 

Multiplex cytokine assay. The concentrations of multiple proinflam- 
matory cytokines in the culture supernatants of M-Mac and I-Mac were 
analyzed with a Milliplex assay kit (Millipore). Data were collected using 
LuminexlOO instrumentation (Luminex). The sample concentrations were 
determined using a Logistic-5PL regression method with the Bio-Plex man- 
ager 5.0 software (Bio-Rad Laboratories) following the manufacture's pro- 
tocol. The limits of detection for undetected cytokines are as follows: IL-ip, 
0.7 pg/ml; IL-5, 0.1 pg/ml; IL-6, 0.4 pg/ml; IL-120, 12.3 pg/ml; IL-13, 0.3 
pg/ml; IL-17, 0.4 pg/ml; CSF3, 3.9 pg/ml; Fractalkine, 7.6 pg/ml; TGFa, 
1.4 pg/ml; sIL-2Ra, 7.5 pg/ml. 

Superoxide production assay. M-Mac and I-Mac were seeded into 48-well 
plates (0.4 x 10 6 cells/well) in 100 ul Krebs-Ringer phosphate buffer (pH 7.4) 
containing 5.5 mM glucose. Cells were then incubated with the buffer 
alone or with 100 ng/ml of PMA (Sigma Aldrich) for 30 mm at 37°C. Pro- 
duction of hydrogen peroxide (H 2 0 2 ) was quantitated using Amplex Red 
Hydrogen Peroxide/Peroxidase Assay kit (Invitrogen) following the manu- 
facture's protocol. 

SIV infection assay. SIV-GFP was constructed by inserting GFP in the 
position of Nef SIV-GFP virus stocks were produced by transfecting 293T cells 
with SIV-GFP, and were normalized by SIV p27 protein level. To infect 
MDMs, cells were incubated with SIV-GFP (125 ng p27) for 2 h. Cells were 
washed and maintained in DMEM containing 10% FBS for 7 d. Half of 
the culture supernatants were replaced with fresh medium on Day 4. GFP 
expression was visualized with fluorescent microscopy. Viral replication 
was gauged from p27 levels in culture supernatants using an SIV p27 ELISA 
kit (ZeptoMetrix) . 

HIV-2 infection assay. HIV-2 virus was isolated from culture supernatants 
of an HIV-2-infected H9 cell line (MVP- 11 971). Virus particles were pel- 
leted by ultra centrifugati on through a 20% sucrose cushion and resuspended 
in PBS. Virus stocks were semiquantitated using a p27 ELISA kit (Zepto- 
Metrix). M-Mac and I-Mac (1.2 x 10 5 cells/well) were seeded in 96-well 
plates and inoculated with HIV-2 (0.5 ng p27 /well) for 2 h at 37°C. HIV-2 
replication was determined by measuring the amount of p27 antigen in the 
culture supernatants 2 wk after infection. 

Influenza infection and hemagglutination (HA) assay. Viral stock of 
influenza A/Victoria/210/2009 H3N2 strain was produced in chicken eggs 
and purified from allantoic fluid. M-Mac and I-Mac (3.5 X lOVwell) were 
seeded in 6-well plates and washed twice with PBS to remove residual FBS 
before infection. Viral stocks prepared at 10-, 100-, and 1,000-fold dilution 
in serum-free medium were used to inoculate macrophages for 1 h. Cells 
were then washed with PBS and cultured in DMEM containing 2% FBS and 
2 u.g/ml TCPK-treated trypsin. After 48 h, culture supernatants were col- 
lected for the following HA assay. HA assay was performed in 96-well 
V-bottom microtiter plates. Virus containing cell culture supernatant was 
serially diluted from 1:2 to 1:2,048. 0.5% Turkey erythrocytes (Lampire Bio- 
logical Laboratories) were then added at an equal volume. After 30 min, HA 
titer was determined and the highest dilution of the virus that cause complete 
hemagglutination is considered the HA titration end point. 

HSV-1, HSV-2, and KSHV infection assay. HSV-1 and HSV-2 were 
obtained from Advanced Biotechnologies Inc. and virus titer was determined 



by plaque-forming assay using Vero cells (American Type Culture Collec- 
tion [ATCC]; Andrei et al., 2000). KSHV was prepared from BCLB-1 cells 
(ATCC) stimulated with 20 ng/ml PMA (Sigma Aldrich) and virus stocks 
were quantitated by viral DNA copy numbers measured by real-time PCR 
(Wu et al., 2006). Macrophages (1.5 x 10 6 cells/well) were seeded in 6-well 
plates and incubated with HSV-1 (MOI = 1), HSV-2 (MOI = 1), or KSHV 
(50 copies /cell) for 1 h. Heat-inactivated viruses were used as a negative 
control. Infected cells were cultured for 24 h and genomic DNA was ex- 
tracted using QIAamp DNA Blood Mini kit (QIAGEN). Copy number es- 
timates of viral DNA were determined by real-time PCR on a CFX96 
RT-PCR detection system (Bio-Rad Laboratories). Copy numbers were 
normalized by the cell numbers determined by real-time PCR using RNaseP- 
specific primers. 

Statistical analysis and image processing. Non-image statistical analysis 
was performed using GraphPad Prism 5 software. Error bars were SD or SE 
from means as indicated. An unpaired Student's t test was used and P values 
lower than 0.05 were considered significant where indicated. To analyze 
microscope images, 10 images of M-Mac and I-Mac were processed as fol- 
lows: the SPTBN1 channel was segmented into background and cellular re- 
gions using K-means classification with three output classes and treating the 
lowest intensity class as background. The mean background intensity was 
calculated and subtracted from pixel intensities in the cell regions. The pixel 
intensities in cell regions were rescaled such that the mean pixel intensity in 
cell regions was 1.0. The GFP channel was similarly segmented with the 
highest class representing the HIV particles. The rescaled SPTBN1 intensity 
at the location of each detected HIV particle was recorded. The difference 
in the distribution of SPTBN1 intensities at the locations of HIV particles for 
M-MAC and I-MAC was determined by the Kolmogorov-Smirnov test. 

Online supplemental material. Table SI shows differential gene expres- 
sion profile of I-Mac. Online supplemental material is available at http:// 
www.jem.org/cgi/content/full/jem.20120572/DCl. 
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